Abstract: A xylanase gene (xynC) isolated from the anaerobic ruminal fungus Neocallimastix patriciarum was characterized. The gene consists of an N-terminal catalytic domain that exhibited homology to family 11 of glycosyl hydrolases, a C-terminal cellulose binding domain (CBD) and a putative dockerin domain in between. Each domain was linked by a short linker domain rich in proline and alanine. Deletion analysis demonstrated that the CBD was essential for optimal xylanase activity of the enzyme, while the putative dockerin domain may not be required for enzyme function.
Ruminal microorganisms as an elite source of genetic material to generate enzymes for improving livestock performance have drawn much attention in recent years (Asao et al. 1993; Forsberg et al. 1997; Selinger et al. 1996; Wallace 1994) . The enzyme activities found to exist in the rumen are diverse, and include plant cell wall polymer-digesting enzymes (e.g., cellulases, xylanases, β-glucanase, and pectinases), amylases, proteases, and phytases (Flint 1994; Selinger et al. 1996; Yanke et al. 1998; Williams and Orpin 1987) . Among the rumen microbial ecosystems, the Chytridiomycetes fungi are noted for their production of potent fibrolytic enzymes, and their ability to degrade even the most recalcitrant plant cell wall polymers (Wood et al. 1986; Wubah et al. 1993 ). An EMBL database search revealed that over 26 glycosyl hydrolase genes have been cloned and sequenced from the ruminal fungal species Neocallimastix, Orpinomyce, and Piromyces, including the most active xylanase known to date (Gilbert 1992) . We previously reported the isolation of a xylanase gene from the ruminal fungus Neocallimastix patriciarum strain 27 and some characteristics of its product (Tamblyn Lee et al. 1993 ). Here we present the further sub-cloning, sequencing and structural analyses of the gene.
The plasmid pNspX-06 carrying a xylanase gene was from our earlier study (Tamblyn Lee et al. 1993) . The location of the xylanase gene on the 6.5-kb fragment was narrowed down by restriction enzyme digestion and subcloning of fragments onto a number of vectors including pBR322 (Bethesda Research Laboratories (BRL), Mississauga, Ont.), pUC18 (BRL) and pBluescriptIISK + (Stratagene Cloning Systems, La Jolla, Calif.). Escherichia coli HB101 and DH5 α (BRL) were used as the host bacteria for the various cloning vectors. Xylanase activity of the subclones was examined on LB agar plates containing 0.1% oat spelt xylan. The fragment containing the xylanase gene was sequenced in both strands. Samples were prepared for DNA sequence analysis on an Applied Biosystems Model 373A DNA se- (Fanutti 1995) , and XYN2 (Durand, EMBL X82439) are in bold letters. The cleavage site of the signal peptide was determined by the weigh matrices method (von Heijne 1986). The linker sequences are indicated by dotted underlines. Two putative glycosylation sites are shown in dotted boxes.
quencing system (Applied Biosystems, Inc., Mississauga, Ont.) by using a Taq DyeDeoxy ™ Terminator Cycle Sequencing Kit.
DNA structural analysis identified a single 1458 bp open reading frame (ORF), designated xynC ( Fig. 1) . No similar sequence was found near enough upstream from the first ATG translation initiation codon to serve as a putative ribosomal binding site. The putative promoter similar to the E. coli σ 70 and σ 70 -like promoters (Harley and Reynolds 1987) was identified (-35 region TTCACT; -10 region TATAAT). Translation of the ORF would result in the expression of a 485 amino acid polypeptide (XYNC) with a predicted molecular weight of 50.4 kDa. Further analyses identified an N-terminal putative signal sequence followed immediately by a catalytic domain, then a putative dockerin domain, and a C-terminal cellulose binding domain (CBD), each linked by a short linker domain rich in proline and alanine ( Figs. 1 and 2) .
The nucleotide sequence of the catalytic domain of xynC showed high homology to the xynA gene of Piromyces sp. (Fanutti et al. 1995) and the xyn2 gene of N. frontalis (Durand, EMBL X82439, unpublished), indicating the same progenitor origin of these domains. Amino acid sequence homology indicated that the xynC catalytic domain belongs to family 11 of glycosyl hydrolase defined by Henrissat and Bairoch (1993) . The characteristics of xynC-coding protein, XYNC, were studied by expressing the recombinant xynC (xynC′) in E. coli. The coding sequence of xynC, less the first 41 nucleotides, (nt 299-339, Fig. 1 ) was amplified by PCR with oligonucleotides primers X1 (ATCTCTAGAATTC-AACTACTCTTGCTCAAAG) and X2 (GGGTTGCTCGAG-ATTTCTAATCAATTTAT). The oligonucleotides were designed to place an EcoRI site at the 5′ end and a XhoI site (underlined) at the 3′ end of the PCR product. This enabled the xynC′ PCR product to be cloned as a translational fusion into EcoRI XhoI digested pGEX-4T-3 (Pharmacia Biotech Inc., Baie D'Urfe, Que.). Escherichia coli cells transformed with this construct, named pGEXxynC′, produced xylanase activity, indicating that XYNC′ was enzymatically active as a fusion protein. Glutathione S-transferase (GST)-XYNC′ was purified on glutathione Sepharose 4B according to the manufacturer's manual (Pharmacia Biotech Inc.). Bound fusion protein was cleaved with thrombin to release only the XYNC′. Xylanase activity of XYNC′ was determined in a 50 mM postassium phosphate buffer (pH 6.5) containing 1.5% oat spelt xylan by measuring the amount of reducing sugar released from the substrate (Somogyi 1952) . Protein concentration was measured with a BioRad (BioRad Laboratories Canada Ltd., Mississauga, Ont.) protein assay kit. The specific activity of XYNC′ was determined to be 555 units of xylanase activity per mg of protein. One unit of xylanase activity was defined as one mole of reducing sugar equivalents released per minute. In contrast to a highly homologous xylanase gene XYLA from another ruminal fungus Piromyces sp. (Fanutti 1995) , XYNC′ showed activity against carboxymethylcellulose (CMC) (Tamblyn Lee et al. 1993; Liu et al. 1997) . No difference was observed in cellulase activity between full length and truncated forms of XYNC (Fig. 2) (data not shown), indicating that the catalytic domain, not the CBD nor the dockerin regions is solely responsible for the CMCase activity. It is interesting to know which amino acid(s) in the XYNC catalytic domain contribute(s) to its ability to hydrolyze CMC and what the structural differences are between the two enzymes.
The XYNC catalytic domain was confirmed by deletion analysis. A series of 3′ deletions of xynC′ was constructed by restriction enzyme digestion of xynC′ PCR products and their subsequent ligation into pGEX-4T-3. Removal of CBD (construct ECO, resulted from Eco47III deletion, Figs. 1 and 2) reduced xylanase specific activity by about 20%. No significant difference was observed between constructs ECO, HAE (HaeIII deletion), and PVU (PvuII deletion) (80.2, 85.3, and 74.8% of undeleted activity, respectively), demonstrating that further truncation did not significantly decrease enzyme activity, and indicating that the reiterated region may not be required for enzyme function.
The characteristics of the reiterated domain of XYNC are very similar to the known reiterated domains of other glycosyl hydrolases (Black et al. 1994; Fanutti 1995) . It was demonstrated that the reiterated domain of XYLA from Piromyces sp. functions as a docking domain of enzyme subunits to a scaffolding protein of the cellulosome (Fanutti 1995) . This XYNA docking domain, termed the dockerin domain, is conserved over 14 known glycosyl hydrolases (Fujino et al. 1998) . No homologous sequence to the reiterated domain of XYNC was found in the EMBL database, suggesting it may represent a novel dockerin domain. The reiterated domain of XYNC is highly hydrophilic, a characteristic very similar to that of the reiterated domain of other glycosyl hydrolases (Black et al. 1994; Fanutti 1995) .
The C-terminal CBD of XYNC shows high similarity to other fungal CBD sequences conserved in cysteines, glycines, and glutamines ( Fig. 3) (Gilkes et al. 1991) . Four cysteines form two disulfide bridges. To further confirm that the CBD of XYNC has true cellulose binding ability, the constructs XYNC′ and HAE were measured for their binding to crystallized cellulose Avicel and insoluble xylan according to the method described in Tamblyn Lee et al. (1993) . About 25% of the XYNC′ protein bound to Avicel, and this binding was specific as it was not eliminated by the addition of BSA (Table 1 ). The XYNC′ protein also bound to insoluble xylan. Although xylan binding was partially diminished by BSA, the non-reversible amount was similar to that of Avicel binding. The HAE protein did not bind to Avicel, nor to insoluble xylan. This result, together with the earlier result of Tamblyn Lee et al. (1993) who demonstrated that the periplasmic fraction of E. coli harbouring a plasmid with the xynC gene bound to Avicel, clearly shows that the Cterminal domain of XYNC is a true CBD domain that binds both cellulose and xylan. Black et al. 1994; CELA, cellulase, N. patriciarum, Denman et al. 1996; CBHI, cellobiohydrolase, Trichoderma reesei, Shoemaker et al. 1983 ; EGIII, β-endoglucanase, T. reesei, Saloheimo et al. 1988 ; CEL4, β-mannanase, Agaricus bisporus, Yague et al. 1997 ; AXE1, acetyl xylan esterase, Hypocrea jecorina, Margolles-Clark et al. 1996 ; CBGL, β-glucosidase, Phanerochaete chrysosporium, Li and Renganathan 1998) . The asterisks indicate the amino acid residues conserved between 42 sequences from 16 species.
